Dennis Wiedemann,* [a] Steven Orthmann, [a] Martin J. Mühlbauer, [b] and Martin Lerch [a] Doped niobium zirconium oxides are applied in field-effect transistors and as special-purpose coatings. Whereas their material properties are sufficiently known, their crystal structures remain widely uncharacterized. Herein, we report on the comparably mild sol-gel synthesis of Nb 2 Zr 5 O 15 and the elucidation of its commensurately modulated structure via neutron diffraction. We describe the structure using the most appropriate superspace as well as the convenient supercell approach. It is part of an α-PbO 2 -homeotypic field with the formula Nb 2 Zr x O 2x + 5 , which has previously been reported only for x � 5.1, and is closely related to the structure of Hf 3 Ta 2 O 11 . The results, supported by X-ray diffraction and additional synthesis experiments, are contextualized within the existing literature. Via the sol-gel route, metastable NbÀ ZrÀ O compounds and their heavier congeners are accessible that shed light on possible structures of these commercially utilized materials.
Doped niobium zirconium oxides are regularly used in metaloxide-semiconductor field-effect transistors (MOSFETs) and as coatings for special applications -without proper characterization of their crystal structures. [1] Their first representatives with formulae between Nb 2 Zr 4 O 13 and Nb 8 ZrO 22 were reported as solid solutions with the structure of cubic zirconia in 1952. [2] A few years later, Roth and Coughanour published a first x-T phase diagram of Nb 2x Zr 1À x O 2 + 3x (0 � x � 1) showing the then hypothetic "Nb 2 Zr 5 O 15 " as a Nb 2 Zr 6 O 17 -like solid solution. [3] The existence and orthorhombic unit cell of the latter -typical for the whole range -were confirmed afterwards. [4] Additionally, Roth et al. found a sequence of non-overlapping Nb 2 Zr n O 2n + 5 regions (5 � n � 8), which can be described as α-PbO 2 -homeotypic superstructures of this unit cell. [5] Because of the imprecision of elemental analyses, however, the fringes re- [8] Overall, niobium zirconium oxides and their heavier tantalum and/or hafnium congeners are described as isotypic; solid-state synthesis using temperatures above 1300°C is usual.
Herein, we report on the sol-gel synthesis of Nb 2 Zr 5 O 15 , a compound at the niobium(V)-rich side of the field of α-PbO 2 homeotypes, and the elucidation of its commensurately modulated structure via neutron diffraction (ND). We describe it in modern terms using the superspace as well as the supercell approach and comment on the accessibility of the compound.
Initial powder X-ray diffraction (XRD), which we carried out on a sample synthesized with a molar Nb/Zr ratio of 1 : 2, only showed reflections consistent with a single phase of the α-PbO 2 type, even after long measuring time. As this is incompatible with the envisaged composition "Nb 0.33 Zr 0.67 O 2.17 " (i. e., "Nb 2 Zr 4 O 13 "), we performed ND, which is capable of revealing oxide ions even in the presence of ions as heavy as niobium(V) and zirconium(IV). To our surprise, many more reflections than in the X-ray diffractogram were visible, hinting at a modulated structure or multi-phase system. The recent structure elucidation of the closely related Hf 3 Ta 2 O 11 , which we had achieved using electron tomography, [9] enabled us to adapt a Nb 2 Zr 5 O 15 model for Rietveld refinement against the ND data.
For the sake of consistency, we stuck to the absence-derived superspace-group setting Xmcm(00γ)s00 with the supercentering vector (
= 2 ) instead of the standard Cmcm(10γ)s00 or the equivalent setting Amma(α10)0s0 used in earlier literature. During refinement in superspace, a strong anisotropic (i. e., hklm-dependent) reflection broadening became obvious that is invisible in XRD and thus attributed to the oxide substructure. Use of an adequate strain-like model showed that mainly satellite reflections are affected (M = 2; see Table S1 in Supporting Information). This means that variations of the modulation vector q play a large role compared to only minor variations of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 the average-lattice parameters a, b, and c. [10] Incomplete supercells at crystallite boundaries in the supposedly nanocrystalline powder may cause q to locally adapt, or stable incommensurately modulated compounds from the close Nb 2 Zr x O 2x + 5 field may be admixed. Because of this, care was taken not to impose undue restrictions on q. When the final stages of refinement with isotropic displacement parameters resulted in a value of q = 0.14281(14)c*, however, we fixed it at 1 = 7 ¼ 0:142857 and applied program routines for commensurate modulation. Refinement indicators (see Table 1 ) and the fitting of observed and calculated diffractograms (see Figure 1) suggest that the final model is well supported by the data. The soundness of modulation parameters was assured by inspecting de-Wolff sections (cf. Figure S2 -S5 in Supporting Information).
Whereas satellite reflections dominate the neutron diffractogram, they are way less outstanding in XRD, because the modulation predominantly manifests in the anion substructure. Overall and selective broadening further diminish their maximum intensities, so that mainly the range 32°� 2θ � 47°is left for visual discrimination of modulated and non-modulated structures (see Figure S6 -S7 in Supporting Information). Refinement against X-ray data is viable but generally of low stability. Despite long measurements yielding high signal-to-noise ratios, it is impossible to refine atomic modulation parameters or even j q j . An α-PbO 2 -type model, however, fits considerably worse than the ND-derived modulated one (see Figure S7 in Supporting Information).
For refinement, we stuck to the (3 + 1)D superspace approach because it allows appropriate modelling with a restricted number of atomic parameters. For structure description, however, we provide an equivalent 1 × 1 × 7 supercell model that is easier to comprehend and compatible with most crystallographic software. From the one cation (M1) and three oxide positions (O1, O2, O3) in superspace, four cation (M11-M14) and eight oxide positions (O11À O14, O21À O23, O31) are generated in the supercell. The resulting structure is closely related to that of Hf 3 Ta 2 O 13 , [9] differing from it primarily in the length of the modulation vector ( 1 = 7 c* instead of 1 = 5 c*) and thus in the sequence of cation coordination polyhedra. In À 0.14, 0.14 - The different coordination environments suggest that the cations may be ordered on their preferred positions. Unfortunately, zirconium(IV) and niobium(V) ions cannot be distinguished via either X-ray or neutron diffraction, because they are isoelectronic and their coherent scattering lengths differ by merely ca. 1.5 %. Bond-valence sums (BVS) and their mismatches with the ideal metal valences (oxidation numbers) are of little use to solve this problem (see Table 2 ). All positions are strongly underbonded for niobium(V), with Nb14 being the least disfavored. The metal(V) BVS are noticeably lower than in Hf 3 Ta 2 O 13 , [9] which is probably caused by the higher relative number and thereby stronger predominance of metal(IV) ions. With a calculated overall ratio of r(Nb/Zr) = 2 : 19, the BVS cannot account for a clear separation of cations and leaves a scenario with Nb11/Zr11, Zr12, Nb13/Zr13, and Nb14 as most probable candidate.
In spite of providing niobium and zirconium in a molar ratio of 1 : 2 for synthesis, diffraction showed Nb 2 Zr 5 O 15 as the only crystalline product. We assume that the sample contains amorphous Nb 2 O 5 as a second phase. Whereas the measured oxygen content is compatible with ratios of both 1 : 2 (w calcd = 27.41 %) and 2 : 5 (w calcd = 27.21 %), gas pycnometry yields a value less than the crystallographic mass density of Nb 2 Zr 5 O 15 alone. This complies with an admixture of Nb 2 O 5 , which has a considerably lower density reported as 4.36-4.55 g cm À 3 .
[11]
Almost all reported synthesis routes for the compounds Nb 2 Zr x O 2x + 5 employ a solid-state approach: The metal oxides are mixed, pressed into pellets, and heated to 1300-1600°C in platinum tubes or foil. (With one brief mention each, the coprecipitation of hydroxides followed by condensation [4] and the oxygenation of a metal alloy [5] constitute exceptions.) Some of the protocols are known to suffer from niobium loss to the reaction vessels. [6a] We, on the other hand, have chosen a comparably mild sol-gel route employing alumina crucibles, for which such a niobium loss would be unprecedented. To solve the remaining questions about synthesis conditions, we had to rely on XRD as analytical method, which shows diagnostically useful and visually discernible reflections in the range of 32°� 2θ � 47°. Figure S10 -S11 in Supporting Information). Le-Bail fits allowed extraction of cell parameters (see Table 3 ) that should, however, be assessed with the advised caution. [12] Especially, trials of fixing j q j at different sensible values yielded results of similar quality. Rietveld refinements of atomic models against XRD data alone are unwarranted.
* The accessibility of these compounds depends on the choice of synthesis conditions. In our hands, a classical solid-state route (1500°C) led to a mixture of a α-PbO 2 -homeotypic compound, baddeleyite-type ZrO 2 , and an unknown minor phase instead of single-phase Hf 3 Ta 2 O 11 (see Figure S12 in Supporting Information [9] we have synthesized two compounds off stoichiometry via a sol-gel route that "locked in" to commensurately modulated structures M [6a] They have also determined x = 5.1 as the lower stability limit of the Nb 2 Zr x O 2x + 5 field. We attribute these results to the fact that Nb 2 Zr 5 O 15 and Hf 3 Ta 2 O 11 are metastable and only accessible via synthesis at lower temperatures. In spite of their crystalchemical similarity, a homology between ZrÀ Nb and HfÀ Ta compounds does not hold strictly in the cases at hand. In light of their technological application, these results bring us one step closer to a sound structural understanding of the compounds (Nb,Ta) 2 (Zr,Hf) x O 2x + 5 that could be furthered with a systematic neutron/electron diffraction study over the whole (meta)stability range. 
Experimental Section
Ternary compounds were synthesized from solutions of hafnium, niobium, tantalum, and zirconium citrates via a modified Pechini sol-gel route at 800°C. [13] Powder XRD was carried out at ambient temperature on a "PANalytical X'Pert PRO MPD" diffractometer equipped with a "PIXcel" detector using nickel-filtered Cu-K α radiation. Additional investigations were performed on a "Rigaku SmartLab 3 kW" system equipped with a Johansson-type Ge monochromator using Cu-K α1 radiation. Powder ND was carried out at ambient temperature with the high-resolution powder diffractometer SPODI at Heinz MaierLeibnitz Zentrum (MLZ) in its standard setting (λ = 1.54829 Å). [14] LeBail fits, Rietveld refinement of an adjusted (3 + 1)D-superspace model derived from Hf 3 Ta 2 O 11 , [9] and all following calculations were performed using JANA2006. [15] Bond-valence sums were calculated using VaList. [16] For extensive experimental details, see section 1 of the Supporting Information. CCDC 1893626 and 1893627 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures.
